abstract a wide range of plant secondary metabolites (psM) have been shown to have the potential to modulate the fermentation process in the rumen. the use of plants and plant extracts as natural feed additives has become an interesting topic not only among nutritionists but also other scientists. although a large number of phytochemicals (e.g. saponins, tannins and essential oils) have recently been investigated for their methane (ch 4 ) reduction potential, there have not yet been major breakthroughs that could be applied in practice. however, the effectiveness of these psM depends on the source, type and the level of their presence in plant products. the aim of the present review was to assess ruminal ch 4 emission through a comparison of integrating related studies from published papers, which described various levels of different psM sources being added to ruminant feed. apart from ch 4 , other related rumen fermentation parameters were also included in this review.
the form of CH 4 (Johnson and Johnson, 1995) . Beside energy spoilage through the CH 4 formation, it is 23 times higher than CO 2 in trapping the atmospheric heat and it is considered as a greenhouse gas (GHG) which plays a pivotal role in the global warming with negative consequences on the worldwide environment (Bodas et al., 2012) . In the ruminant, methanogenesis occurs both in the rumen and in the hindgut, but the majority of the CH 4 originates from the rumen in which CH 4 takes up nearly 90% of the total CH 4 production of ruminants (Kumar et al., 2013) ; therefore, plenty of research is needed to find a suitable feed alternative to mitigate rumen CH 4 production for better and greener environment, and eventually, better livestock production as well.
dietary strategies to reduce rumen methanogenesis Production of CH 4 is an intrinsic process of ruminal fermentation as mentioned earlier and suppressing or abating its formation is a big challenge. Many types of CH 4 inhibitors have been repeatedly experimented to mitigate the production of enteric CH 4 (Patra, 2014) .
However, most of them have shown negative effects on rumen fermentation characteristics when added at high doses to achieve effective CH 4 inhibition (Patra and Yu, 2013) . In addition, some of these inhibitors are toxic to animals (Patra, 2012) . Meanwhile, contemporary consumer demands orient towards the use of phytochemicals which are natural products to alter rumen fermentation. Plants produce a diverse array of plant secondary metabolites (PSM), which are not biologically involved in primary biochemical processes such as plant growth, development and reproduction (Bhatta et al., 2015) . Besides, more than 200,000 defined PSM structures have been identified (Hartmann, 2007) . The majority of PSM can generally be classified into three groups; saponins, tannins and essential oils (EO).
Saponins are a class of PSM that possess a great complexity in their structures as well as their biological activities (Jayanegara et al., 2014) . Basically, chemical structure of saponins consists of a sugar moiety (e.g. glucose, galactose, glucuronic acid) which is linked to a hydrophobic aglycone or sapogenin (Francis et al., 2002) . Accordingly, the biological activity of saponins depends on the nature, number and sequence of the sugars in the structures (Chwalek et al., 2006) .
Tannins are complex mixtures of individual compounds having molecular weights ranging from 500 to over 3000 (gallic acid esters) and up to 20000 (proanthocyanidins) which are usually subdivided into two groups based on the chemical structure: hydrolyzed tannin (HT) and condensed tannin (CT) (Bhatta et al., 2009) .
Widely occurring in plants and animals, EO may consist of volatile constituents of terpenoid or non-terpenoid origin (Cieslak et al., 2013) . Under this group, hundreds of large or small molecules can be present, consisting of hydrocarbons and their oxygenated derivatives. The composition of EO is usually characteristic for the particular plant species and responsible for its fragrance (Cieslak et al., 2013) .
The effectiveness of PSM (e.g. saponins, tannins and EO) has been screened in in vitro and in vivo studies in the last few decades. Our purpose for the current review is to provide deeper insights into the use of PSM to reduce CH 4 emission from ruminants and consequently to reduce the impact of global warming.
effect of saponins on rumen methanogenesis and fermentation characteristics
Review of recent studies about the effects of saponin sources on rumen CH 4 and fermentation parameters are shown in Tables 1 and 2 , respectively. Saponins or saponin-like substances have been reported to suppress CH 4 production and to modulate rumen fermentation patterns (Patra and Yu, 2012 , 2013 . In a series of in vitro studies by us, the addition of papaya leaf (a saponin-rich source), methanolic extract of papaya leaf and different solvent extracts of papaya leaf reduced the CH 4 production by 37, 34 and 30% as compared to control group, respectively (Jafari et al., 2016 a, b and c). As expected, reduced CH 4 production in our study was accompanied by reduced acetic/propionate ratio providing the sink for metabolic H 2 during rumen fermentation. Consistently, Wanapat et al. (2014) reported the reduction of CH 4 by the inclusion of mangosteen peel powder (saponin-rich fruit) without a negative effect on dry matter intake, ruminal pH, total volatile fatty acid and NH 3 N concentration while increasing propionic concentration and decreasing acetic-propionic ratio in swamp buffaloes. Cieslak et al. (2013) reported that there was some ambiguity in the literature concerning the mechanism of action of saponins to reduce methanogens and methanogenesis. According to Guo et al. (2008) , mitigation of methanogenesis using tea saponin resulted from decreased activity of the mcrA gene (an indicator of the methanogenic activity of the methanogen population), without changing the total methanogen numbers. However, 3 g/day of tea saponins in sheep diets had no effect on the populations of methanogens (Mao et al., 2010; Zhou et al., 2011) . Earlier in vitro research had suggested mitigation of methanogenesis without a reduction in the number of methanogens with the use of saponins from Sapindus saponaria or tea saponins (Hu et al., 2005) . However, Jayanegara et al. (2014) reported that saponins decreased CH 4 emission due to a lower relative abundance of methanogen population in the presence of the respective substances in the rumen. A combination of nitrate and quillaja saponin (saponin source) was shown to reduce CH 4 production by almost 60% using an in vitro model of rumen cultures (Patra and Yu, 2013) . Patra and Yu (2013) proposed that quillaja saponin functioned as an inhibitor to rumen protozoa, decreased H 2 production by protozoa and protozoa-associated methanogens. Patra and Yu (2014 a, b) reported that CH 4 production was the lowest (45.7% depression) when combined with other CH 4 inhibitors (e.g. sulfate and nitrate).
Some authors have reported an insignificant effect of a saponin-rich source on in vivo CH 4 emissions of ruminants (Li and Powers, 2012) . In contrast, some studies observed a CH 4 reduction in vivo on the addition of saponin-rich sources into basal diets (Wang et al., 2011; Zhou et al., 2011) . Thus, like in the in vitro studies, the effects of saponins on in vivo CH 4 emission from ruminants have produced contrasting results. According to some studies (e.g. Bodas et al., 2012) , the duration of saponin administration and the ratio of forage to concentrate may have a significant influence on their effectiveness. Nonetheless, in addition to suppressing CH 4 production, the use of saponins may also confer nutritional benefits as they might increase microbial protein synthesis due to inhibition of protozoa, and might increase the fiber-degrading bacteria and fungi in the rumen, which is beneficial for utilizing in low-qualitybased diets (Rira et al., 2015) . 
Grass silage (100%)
In vitro (rusitec) 1.5 g of tannin source
A. 63% B. 34%
DM -dry matter; HGT -Hohenheim gas test system; NA -not applicable; NE -no effect; ns -not significant; -decrease; + increase compared to control. DM -dry matter; NA -not applicable, NE -no effect; ns -not significant; TVFA, total volatile fatty acid ; -decrease; + increase compared to control. In vitro (gas production) A. NE B. NE DM -dry matter; HGT -Hohenheim gas test system; NA -not applicable; NE -no effect; ns -not significant;(-), decrease and (+) increase compared to control. NA -not applicable; NE -no effect; ns -not significant; TVFA -total volatile fatty acids; (-), decrease and (+) increase compared to control.
effect of tannins on rumen methanogenesis and fermentation characteristics
Review of recent studies about the effects of tannin sources on rumen CH 4 and fermentation parameters are shown in Tables 3 and 4 , respectively. Tannins as a class of PSM could be divided into two groups based on chemical structure, which are hydrolysable tannins (HT) and condensed tannins (CT) (Goel and Makkar, 2012) . Many factors like tannin type and plant source may influence results derived from the effect of tannin on methanogenesis (Goel and Makkar, 2012) . Bouchard et al. (2013) indicated that beneficial effects of CT on enteric CH 4 formation typically occur at dietary concentrations between 20 and 40 g CT/ kg DM. However, Bueno et al. (2015) showed the lack of tannin effect on CH 4 emissions in their studies. In spite of the fact that anti-methanogenic activity of phenolic compounds has been consistently demonstrated in several in vitro and in vivo studies, their effectiveness usually depends on the species of microorganisms and the concentration, type or source of CT (Patra and Saxena, 2011) . In contrast to the former study, Bhatta et al. (2013) and Anantasook et al. (2014) reported that the ruminal CH 4 concentration was reduced by tannin addition. Inoculum from different domesticated ruminant species has unequal rumen fermentation and degradability as a result of differing microbial diversity due to their respective feeding strategies behavior. Rumen fluid from bovines emits more CH 4 than from small ruminants, when measured on a degraded organic matter basis. Bhatta et al. (2015) introduced PSM such as tannins as rumen modifiers because these compounds are natural products, which are generally accepted as environmentally safe and friendly in food production systems. It should be noted that not all types of tannins produce beneficial nutritional and environmental responses (Bhatta et al., 2014) . Generally, tannins with low molecular weight showed greater inhibitory effects on rumen microbes, because of their higher protein-precipitating capacities than high molecular weight polymeric tannins (Bhatta et al., 2014) .
Recently, it was also confirmed that samples containing both HT plus CT were more effective in reducing in vitro CH 4 production than those containing only HT (Bhatta et al., 2012) . Moreover, earlier study had shown that phenolic fractions present in tannin extracts were more effective than leaves containing tannins (Bhatta et al., 2009 ). Bhatta et al. (2014 declared that tannins can directly suppress methanogenesis by affecting rumen archaea and not by defaunation (removal of protozoa) per se. Protozoa can synergistically provide H 2 as a source of electrons to the methanogens, and hence, antiprotozoal effects of tannins would be expected to decrease CH 4 production by methanogens attached to protozoa. The effects of HT and CT may be different on ruminal ciliated protozoa, with HT generally being less inhibitory against protozoa than CT (Sliwinski et al., 2002) . Pinski et al. (2015) concluded that addition of CT at concentration less than 50 g/kg of DM did not adversely affect ruminal fermentation parameters. Beauchemin and McGinn (2007) also did not observe any reduction in CH 4 production by feeding quebracho tannin extract up to 2% (1.8% CT) of the dietary DM. However, a meta-analysis study by Jayanegara et al. (2012) concluded that increasing tannin concentrations (up to 177 g/kg) reduced CH 4 production in vitro and in vivo. This discrepancy may be related to several factors such as supplement source, dose level, diet composition and the period of adaptation to the product. It is known that tannins reduce degradation of dietary protein in the rumen by forming protein-tannin complexes or the inhibition of the activities of the protease enzyme by tannin (Hatew et al., 2015) . In an in vitro gas production test, supplementation of Acacia cyanophylla (containing 63% of CT) at 60% and 30% resulted in 37.5% and 56.25% lower CH 4 , respectively (Rira et al., 2015) . The results were attributed to the high CT content in Acacia cyanophylla which had been reported to be toxic for rumen microbial population, especially ciliate protozoa, fiber degrading microbes and methanogens (Kamra et al., 2006) . In addition, the inhibition of CH 4 production was accompanied by alteration in total volatile fatty acid profile and the acetate/propionate ratio through an increase in the concentration of propionate with Acacia cyanophylla supplementation. Jayanegara et al. (2015) reported that all the purified tannins (chestnut, sumac, mimosa and quebracho) at concentration of 1 mg/mL of rumen liquid were able to decrease ruminal CH 4 emissions in vitro, and confirmed their previous results obtained about the inhibitory effect of tannins on rumen methanogenesis (Jayanegara et al., 2011 (Jayanegara et al., , 2012 (Jayanegara et al., and 2013 . Moreover, a meta-analysis study concluded that increasing tannin concentration (0 to 177 g/kg) reduced CH 4 production in vitro and in vivo (Jayanegara et al., 2011) . Jayanegara et al. (2015) proposed two inhibitory mechanisms of tannins on CH 4 emission from ruminants; (1) through reduction in fibre digestion, which decreases H 2 production, and (2) through inhibition of the growth of methanogens. Tan et al. (2011) reported that CT at a relatively low level of 15 mg/500 mg DM of CT, reduced CH 4 production, decreased methanogen and protozoal populations and reduced nitrogen disappearance with only 7% reduction in dry matter digestibility. An in vitro study showed that 50 g/kg dietary HT from chestnut or CT from acacia reduced CH 4 production and ruminal protein degradation, but with a slight negative impact on total VFA concentration (Hassanat and Benchaar, 2013) . Hassanat and Benchaar (2013) also reported up to the 40% reduction of CH 4 production compared with control when the substrate was incubated with CT at ≥100 g/kg with minimum detrimental effects on the efficiency of ruminal fermentation. They concluded that tannin sources could affect rumen methanogenesis without affecting other fermentation parameters and their impacts on rumen fermentation varies according to their type, source and concentration.
effect of essential oils on rumen methanogenesis and fermentation characteristics
Review of recent studies about the effects of EO sources on rumen CH 4 and fermentation parameters are shown in Table 5 and 6, respectively. EO consist of volatile constituents of terpenoid or non-terpenoid origin (Rira et al., 2015) . Under this group, hundreds of large or small molecules can be present, consisting of hydrocarbons and their oxygenated derivatives. EO are known for their antimicrobial activity and are commonly used for the treatment of microbial infections (Rira et al., 2015) . Conflicting results have been reported on the effects of EO on rumen methanogenesis. Rumen CH 4 production reduction has been observed in response to EO supplements. Tekippe et al. (2012) screened among a collection of 100 EO and plants which were naturalized to, or successfully grown in North America and identified that three EO from Anethum graveolens (dill weed), Lavandula latifolia, and Ocimum basilicum and one plant sample (Origanum vulgare) with a potential for reducing CH 4 production in vitro. Concentration of NH 3 N was also very low at the end of the incubation for both EO and plant samples. Castro-Montoya et al. (2015) reported that the blend of EO tended to decrease daily CH 4 emissions from dairy and the decrease was sustained for the six weeks of supplementation. In previous studies with other EO sources, in vitro CH 4 inhibition was achieved only at extremely high concentrations; for example, Evans and Martin (2000) found that after 24 h thymol strongly inhibited in vitro CH 4 production when added at a concentration of 400 ppm, but production of acetate and propionate strongly decreased. When thymol was incubated at a concentration of 200 ppm or lower, there were no effects on CH 4 , acetate and propionate production. Tomkins et al. (2015) showed that administration of daily CRINA (commercially made with blend of EO) into the rumen had a significant effect on rumen fermentation and decreased enteric methanogenesis when used at rates of 1 or 2 g/d. Similarly, Busquet et al. (2005) found that garlic oil and diallyl disulfide decreased in vitro CH 4 production and total VFA production when applied at a concentration of 300 ppm. However, lower concentrations (30 ppm) of both EO showed no negative effect on fermentation parameters. Cobellis et al. (2015) concluded that the effects of EO are due to their antimicrobial activity against ruminal microorganisms such as methanogenic archaea and hyper-ammonia-producing bacteria. However, EO also showed adverse effects on fiber digestion. The effect of EO in reducing in vitro CH 4 production through a direct inhibition of methanogenic archaea and/or an indirect depression of some microbial metabolic processes involved in methanogenesis has been well documented (Rira et al., 2015) . Patra and Yu (2012) found a decrease in the abundance of rumen archaea and protozoa by all the tested EO (clove, eucalyptus, garlic, oregano and peppermint) but also in that of cellulolytic bacteria. Total VFA concentration was also markedly reduced by oregano EO doses. In a similar study, Cardozo et al. (2004) found that the effects of some EO on rumen VFA profiles were more pronounced at low rumen pH. They also suggested that pH is able to affect dissociated or undissociated status of EO molecules. The results of the proposed investigation showed that oregano EO, at the highest concentration, was a potent inhibitor of ruminal CH 4 and NH 3 N production mostly due to the antimicrobial properties of carvacrol, its major compound. Pinski et al. (2015) showed that except for cinnamon oil, EO tested in the study had no effect on culture CH 4 production. However, previous in vitro (Sallam et al., 2009) and in vivo (Manh et al., 2012) experiments have reported that eucalyptus oil decreases CH 4 production. These inconsistencies might be related to differences in supplement source, dose level and diet composition. conclusion and future directions A conclusion from the current review is that the effects of saponin, tannin and EO on ruminal fermentation are desirable if they improve fermentation characteristics such as increase VFA concentration, decrease NH 3 N concentration and decrease CH 4 production. However, a reduction in VFA production as a result of plant additive supplementation, even if accompanied by reductions in CH 4 production, would generally be viewed to be nutritionally unfavorable. Moreover, the literature suggests that saponins mitigate methanogenesis mainly by reducing the number of protozoa, tannins especially condensed tannin both by reducing the number of protozoa and by a direct toxic effect on methanogens, whereas EO act mostly by a direct toxic effect on methanogens. Although a large number of phytochemicals (e.g. saponins, tannins and essential oils) have been investigated for their CH 4 reduction potential, there have not yet been major breakthroughs that could be applied in practice. Therefore, the future challenge will be to identify cost-effective PSM components which favorably alter ruminal fermentation by decreasing CH 4 production without reducing total VFA concentrations.
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